The fidelity of human immunodeficiency virus (HIV) reverse transcriptase (RT) has been a subject of intensive investigation. The mutation frequencies for the purified enzyme in vitro vary widely but are typically in the 10 ؊4 range (per nucleotide addition), making the enzyme severalfold less accurate than most polymerases, including other RTs. This has often been cited as a factor in HIV's accelerated generation of genetic diversity. However, cellular experiments suggest that HIV does not have significantly lower fidelity than other retroviruses and shows a mutation frequency in the 10 ؊5 range. In this report, we reconcile, at least in part, these discrepancies by showing that HIV RT fidelity in vitro is in the same range as cellular results from experiments conducted with physiological (for lymphocytes) concentrations of free Mg 2؉ (ϳ0.25 mM) and is comparable to Moloney murine leukemia virus (MuLV) RT fidelity. The physiological conditions produced mutation rates that were 5 to 10 times lower than those obtained under typically employed in vitro conditions optimized for RT activity (5 to 10 mM Mg 2؉ ). These results were consistent in both commonly used lacZ␣ complementation and steady-state fidelity assays. Interestingly, although HIV RT showed severalfold-lower fidelity under high-Mg 2؉ (6 mM) conditions, MuLV RT fidelity was insensitive to Mg 2؉ . Overall, the results indicate that the fidelity of HIV replication in cells is compatible with findings of experiments carried out in vitro with purified HIV RT, providing more physiological conditions are used.
R
everse transcriptase (RT), the DNA polymerase of retroviruses, is a key target for highly active antiretroviral therapy (HAART) directed against human immunodeficiency virus (HIV) (for a recent review, see reference 1). HIV RT is a heterodimer with p66 and p51 subunits and, like other RTs, possesses both DNA polymerase and RNase H activities (2) . Both activities are divalent cation dependent, and the polymerase active site contains two divalent cation binding sites. Models for one or two cation binding sites have also been proposed for RNase H (3) (4) (5) (6) (7) (8) (9) .
Much of what is known about the biochemical properties of HIV RT is based on in vitro assays with Mg 2ϩ (ϳ5 to 10 mM) and deoxynucleoside triphosphate (dNTP; 25 to 100 M) concentrations optimized for enzyme activity, which are much greater than the available levels in cells. Estimates for free Mg 2ϩ concentrations in cells vary considerably, from less than 0.25 mM to as high as about 2 mM (10) (11) (12) (13) (14) . However, results indicate that free Mg 2ϩ concentrations are low in the brain (0.21 to 0.24 mM) (15) and, most relevantly, in human lymphocytes (ϳ0.25 mM), which are one of the main HIV-1 targets (13, 16) . Likewise, deoxyribonucleotide concentrations are also relatively low (5 M in T cells [17, 18] ).
Like other biochemical properties, RT fidelity has typically been examined using conditions optimized for polymerase activity and with lacZ␣ complementation assays (19) or steady-state and presteady-state misincorporation and mismatch extension assays (reviewed in reference 20) . Magnesium concentrations of 5 to 10 mM (or greater) are often used in these assays. Fidelity measured in vitro (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) is typically ϳ5-to 10-fold lower than the cellular fidelity (30) (31) (32) . Explanations for this greater fidelity in cells range from cellular or viral proteins (in addition to RT) that participate in reverse transcription, small-molecule components in cells, or special conditions in the virion, but the actual cause has remained unknown, as have other effects that the cell environment may have on the reverse transcription process (see reference 33 for a discussion of this topic). Interestingly, HIV RT displays lower fidelity in vitro than other reverse transcriptases (e.g., those of Moloney murine leukemia virus and xylene cyanol), and products were analyzed by gel electrophoresis on 6% polyacrylamide-urea gels (19:1 acrylamide/bis-acrylamide). Fully extended 199-nucleotide DNA was located using a phosphorimager (Fujifilm FLA5100) and recovered by the crush and soak method (36) in 500 l of elution buffer containing 10 mM Tris-HCl (pH 7). After overnight elution, this material was passed through a 0.45-m syringe filter and recovered by ethanol precipitation after addition of a 10% volume of 3 M sodium acetate (NaOAc; pH 7) and 50 g of glycogen. After centrifugation, the pellets were vigorously washed with 500 l of 70% ethanol to remove any traces of EDTA that may have carried over from the gel and potentially interfered with the second round of synthesis. The recovered DNA was hybridized to another 20-nucleotide radiolabeled DNA primer (5=-AGGATCCCCGGGTACCGAGC-3=) with 10-fold-greater specific activity than the primer used for round 1, and a second round of DNA synthesis was performed as described above except that the reaction volume was 25 l. Conditions for MgCl 2 , dNTPs, and pH were identical in the RNA and DNA template reactions. Reactions were terminated with an equal volume of 2ϫ loading buffer, and products were gel purified as described above but on an 8% gel. The gel was run far enough to efficiently separate the 199-nucleotide templates from the 162-nucleotide full extension product of round 2.
PCR for the PCR-based lacZ␣ complementation fidelity assay. The round 2 DNA (50% of recovered material) produced in the above-described step by reverse transcription was amplified by PCR using the following primers: 5=-GCGGGCCTCTTCGCTATTACGCCAG-3= and 5=-AGGATCCCCG GGTACCGAGC-3=. Reactions were performed and processed as previously described except that restriction digestion was with 30 U each of high-fidelity EcoRI and PvuII in 50 l of NEB buffer 3 for 2 h at 37°C (37) .
Preparation of vector for PCR-based lacZ␣ complementation fidelity assay. Thirty micrograms of plasmid pBS⌬PvuII 1146 (38) was doubly digested with 50 U each of high-fidelity EcoRI and PvuII in 100 l using the supplied buffer and protocol. After 3 h, DNA was recovered by phenol-chloroform extraction and ethanol precipitation and then treated with 20 U of CIP for 2 h at 37°C in 100 l of the supplied NEB restriction digest buffer 3. Dephosphorylated vector was recovered by phenol-chloroform extraction and ethanol precipitation and quantified using the absorbance at 260 nm. The quality of the vectors for the fidelity assay was assessed in two ways: (i) ligation (see below) of the vector preparation in the absence of insert and (ii) religation of the vector preparation and PvuII-EcoRI-cleaved fragment (recovered from agarose gels after cleavage of pBS⌬PvuII 1146 but before dephosphorylation as described above). Vectors from method i that did not produce any white or faint blue colonies and very few blue colonies in the complementation assay (see below) and those producing colony mutation frequencies of less than ϳ0.003 (1 white or faint blue colony in ϳ333 total) in method ii were used in the fidelity assays.
Ligation of PCR fragments into vectors and transformation for the PCR-based lacZ␣ complementation fidelity assay. The cleaved vector (50 ng, ϳ0.025 pmol) and insert fragments (0.05 pmol) were ligated at a 1:2 (vector/insert) molar ratio using a rapid DNA ligation kit. Ligation and transformation of Escherichia coli GC5 bacteria were carried out as previously described (37) . White or faint blue colonies were scored as harboring mutations, while blue colonies were considered nonmutated. Any colonies that were questionable with respect to being either faint blue or blue were picked and replated with an approximately equal amount of blue colony stock. Observing the faint blue colony in a background of blue colonies made it easy to determine if the colony was faint blue rather than blue.
Gapped plasmid-based based lacZ␣ complementation fidelity assay. The gapped version of the plasmid pSJ2 was prepared as described previously (39) . A 1 nM concentration of the gapped plasmid was filled by 100 nM RT at 37°C in 20 l of buffer containing 50 mM Tris-HCl, 80 mM KCl, 1 mM DTT, 2 g of bovine serum albumin, and various concentrations of dNTPs and MgCl 2 (as indicated in the figure legends). The reaction pH was 7.7. Reactions with 2 mM Mg 2ϩ (100 M or 5 M dNTPs)
were carried out for 30 min, and reactions with 0.25 mM Mg 2ϩ were performed for 4 h. Reactions were terminated by heating at 65°C for 15 min. After confirming complete extension by restriction digestion analysis (39) , ϳ1 l of the remaining original mixture was transformed into E. coli GC5 cells. The colony mutation frequency (CMF) was determined using blue-white screening as described above.
Mismatched primer extension assays. The approach used for these assays was based on previous results (40) . The template (5=-GGGCGAATTT AG[G/C]TTTTGTTCCCTTTAAGGGTTAATTTCGAGCTTGG-3=) used in these assays was a modified version of the template originally described in reference 41. The underlined nucleotides in brackets indicate that templates with either a G or C at this position were used. The DNA primer (5=-TAAC CCTCACTAAAGGGAACAAAAX-3=) used in the assays was 5= radiolabeled and hybridized to the template at a 1:1 ratio as described above. The "X" at the 3= end of the primer denotes either G, A, T, or C (see Fig. 3 ). Matched or mismatched primer templates (14 nM final) were incubated for 3 min at 37°C in 10.5 l of buffer containing 50 mM Tris-HCl, 1 mM dithiothreitol, 80 mM KCl, various concentrations of MgCl 2 , and increasing concentrations of the next correct dNTP substrate (dCTP for this template). The reaction pH was 7.7. Reactions were initiated by adding 2 l of HIV RT (2 nM final concentration) and terminated by adding 2ϫ loading buffer. All reactions involving matched primer-templates were carried out for 2 min. Reactions with mismatched primer-templates were carried out for 5 min (0.5, 1, 2, and 6 mM free Mg 2ϩ reactions). At 0.25 mM Mg 2ϩ , mismatched primer-templates with a C·C or G·A were extended for 20 min, and all other mismatches were extended for 15 min. The reaction products were then electrophoresed on 16% denaturing polyacrylamide gels, dried, and imaged using a Fujifilm FLA5100 phosphorimager. Steady-state kinetic parameters K m and V max were then calculated as described below. The amount of free Mg 2ϩ in each reaction was adjusted according to the dNTP concentration because dNTPs are the major chelators of Mg 2ϩ in the reactions. The concentration of free Mg 2ϩ was calculated using the formula
where E t , D t , and [ED] represent the concentration of total Mg 2ϩ , total dNTP, and Mg 2ϩ bound to the dNTPs, respectively. The equilibrium dissociation constant (K D ) for dNTP and Mg 2ϩ was assumed to be the same as that of ATP (K D ϭ 8.9 ϫ 10 Ϫ6 M). Running-start misincorporation assays. The approach used for running-start misincorporation assays was based on previous results (42) . Reactions were performed as described above using the same template but with a primer (5=-GAAATTAACCCTCACTAAAGGGAAC-3=) (see Fig.  3 ) which does not have the last 5 nt at the 3= end and has 5 additional bases at the 5= end. Unlike mismatch extension assays, all reactions were performed for 3 min at 37°C. The nucleotide directed by the homopolymeric T run on the template running (dATP) was kept at a constant saturating concentration (55 M) and the nucleotide to be misinserted (for example, dTTP for measuring C-T misinsertion kinetics) was added at increasing concentrations in these reactions. Reactions were resolved and processed as described above.
Velocity measurements and calculation of V max and K m for steadystate assays and calculation of extension rates for RNA-directed DNA synthesis in the PCR-based fidelity assay. Velocity measurement and calculation of V max and K m were conducted as described previously for mismatch extension (40) and running-start assays (42) . Extension rate determinations for DNA synthesis on the 760-nucleotide RNA template were performed as described previously (43) .
RESULTS

HIV RT shows greater fidelity with low Mg
2؉ in the PCR-based and plasmid-based lacZ␣ complementation fidelity assays. Both PCR and plasmid-based lacZ␣ complementation assays were used to measure the fidelity of HIV RT. The PCR-based assay was a modified version of an assay used previously to examine the fidelity of poliovirus 3Dpol (37, 44) (Fig. 1) . The 115-nucleotide region screened for mutations is shown in Fig. 1C . All frameshift mutations and several substitutions (see legend to Fig. 1 ) in this region can be detected in the assay (19) . The assay essentially mimics the reverse transcription process, since both RNA-and DNAdirected RT synthesis steps are performed. As two rounds of synthesis are performed over the same 115-nucleotide region, the assay actually scores 230 total nt. Although there are several steps at which background mutations can be introduced, most of the background can be accounted for by performing a control in which plasmid DNA is PCR amplified to produce an insert identical to those produced in the complete assay. These inserts should comprise all error sources except the errors derived from HIV RT and T3 RNA polymerase. In our assays, an average background colony mutation frequency (CMF; number of white or faint blue colonies divided by total number of colonies) of 0.0021 Ϯ 0.0008 (mean Ϯ standard deviation) was obtained for the 16 experiments performed (Table 1 ). This corresponds to 1 white or faint blue colony in every ϳ500 colonies. This background is higher than that in some phage-based assays (19, 25, 28) but comparable to that in others (45, 46) .
In the PCR-based assay, in vitro conditions that maximize RT activity (6 mM total Mg 2ϩ /100 M dNTPs) consistently showed the highest CMF, with about 1 in every 120 colonies (CMF of 0.0083 after background subtraction) showing mutations ( Table  1) . Decreasing the total Mg 2ϩ concentration to 2 mM produced a modest (less than 2-fold) decrease in CMF at both 100 M and the more physiological 5 M dNTP concentration (see the introduction), indicating a small increase in fidelity. However, statistical analysis (P values in Table 1 ) suggested that there was not a reliably significant difference between results at 2 mM and 6 mM Mg 2ϩ . The results at 2 mM Mg 2ϩ also suggest that the total dNTP concentration in the reactions is not a major determinant of fidelity, as there was no difference in CMFs between the 5 and 100 M conditions. In contrast, a highly significant (P ϭ 0.003) increase in fidelity, about 5-fold, over that in the 6 mM reactions was observed with 0.25 mM total Mg 2ϩ and 5 M dNTP. Reactions with 0.25 mM total Mg 2ϩ and 100 M dNTPs produced about a 9-fold increase in fidelity. Note that under this condition, free Mg 2ϩ in the reactions was at only 0.07 mM. However, the CMFs were, on average, less than twice the assay background. Hence, although it is tempting to attribute the further increased fidelity to the very low Mg 2ϩ concentration (0.07 mM) in these reactions, assay limitations preclude this conclusion. Overall, the results show that low concentrations of free Mg 2ϩ (ϳ0.25 mM) reported for lymphocytes (see the introduction) dramatically increase the fidelity of HIV RT.
Other retroviral reverse transcriptases, including MuLV RT, have been reported to have higher fidelity than HIV RT (see the introduction and Discussion) in vitro. The fidelity of MuLV RT was tested in the PCR-based assay at 6 mM total Mg 2ϩ /100 M dNTP or 0.25 mM total Mg 2ϩ /5 M dNTP. Consistent with previous results, MuLV RT was ϳ3-fold more accurate than HIV RT with the higher Mg 2ϩ concentration commonly used in in vitro reactions (Table 1) . However, unlike for HIV RT, there was no improvement in fidelity under the low-Mg 2ϩ condition. Under this condition, the fidelities of the two RTs were essentially the same.
To further confirm results with the PCR-based assay, a second gapped plasmid-based lacZ␣ complementation fidelity assay was performed. This assay is similar to the phage-based lacZ␣ gapfilling assay, except that the gap filled by the polymerase is in a plasmid construct. After filling, the plasmid is directly transfected into bacteria, and bacterial colonies rather than phage plaques are scored by blue-white screening (39) . Like most phage-based assays, the assay screens a large region (288 nt) of the lacZ␣ gene, including the promoter sequence. Although this assay does not mimic all the steps of reverse transcription, it avoids the enzymatic (T3 RNA polymerase and Pfu polymerase) background issues of the PCR-based assay. The results (Table 2) were in strong agreement with those of the PCR-based assay (Table 1) . Fidelity was lowest with 6 mM (5.6 mM free) Mg 2ϩ , improved about 2-fold between 1.98 and 0.6 mM free Mg 2ϩ , and improved dramatically (ϳ7-fold) under more physiological conditions (0.24 mM free Mg 2ϩ /5 M dNTPs). Once again, results from the plasmid based lacZ␣ complementation assay are in agreement with those of the PCR-based assay, and the fidelity of RT is considerably high at physiological Mg 2ϩ concentrations. Estimation of mutation frequency from CMF and sequencing data. For the PCR-based assay, an estimate of the base misincorporation frequency can be made from the CMFs in Table 1 and the sequencing results in Fig. 2 . Calculations depend on the proportion of errors that were deletions or insertions (indels) versus substitutions, and whether a particular substitution error produces a white or faint blue phenotype. Indels result in frameshift mutations that are always detected as white or faint blue colonies. In contrast, less than half of the substitutions made in the assay result in a mutant phenotype (19) . Sequencing of mutant colonies from experimental controls showed that 19/24 (ϳ79%) had deletion mutations near the PvuII site (see Fig. 1 and Materials and Methods), probably resulting from inaccurate cleavage or ligation errors. Since the Pfu PCR step is the only polymerase step in the controls, if mutations made during plasmid amplification in the bacteria are ignored, then only 5/24 errors (21%) in the controls resulted from Pfu during PCR. This translates to a Pfu-derived CMF of ϳ0.0021 (the average CMF value for the control assays in Table 1 ) ϫ 0.21, or 0.0004, which is one Pfu-derived error per 2,500 colonies (note that this estimation is a rough approximate, as it is based on only 5 recovered mutations). This is consistent with a mutation rate for Pfu in the ϳ1ϫ 10 Ϫ6 to 2 ϫ 10 Ϫ6 range reported by others (see example calculation below) (47) . The fact that background mutations were mostly ligation errors outside A line is drawn above the 92 nt that are in the detectable area for substitution mutations, while frameshifts can be detected over the entire 115-nucleotide region. Based on a previous cataloging of mutations in this gene (19) , the assay can detect 116 different substitutions (33.6% of the 345 possible substitutions in the 115-nucleotide sequence) and 100% of the frameshift mutations. The number of white plus faint blue colonies/total number of colonies is shown, followed by the colony mutation frequency (ϫ10
Ϫ3
) for experiments under the listed conditions; this frequency minus the background frequency from column two is in parentheses. ). The 0.0083 value was divided by the average CMF minus the background value for each condition to determine relative fidelity. Higher numbers indicate greater fidelity.
the region scored for mutations made it relatively easy to distinguish mutations resulting from HIV RT (or T3 RNA polymerase [see Discussion]) in the experimental sequences. Excluding these background mutations, in experiments with 6 mM Mg 2ϩ /100 M dNTPs, ϳ28% (7/25) of recovered mutations were indels and ϳ72% (18/25) substitutions. This was similar to proportions determined in this laboratory under comparable conditions (38) , although there has been significant variation depending on the particular investigators and version of the lacZ␣ complementation assay used (22, 25, 26, 28, (48) (49) (50) . The assay used in this study included 230 nt (115 from each round of RT synthesis) of the lacZ␣ gene (Fig. 1) . Based on the proportion of substitutions to indels from Fig. 2 , the average CMF of 0.0083 from Table 1 , and using a 33.6% detection rate for substitutions in this region (Fig.  1C) , the mutation frequency for the 6 mM Mg 2ϩ /100 M dNTP condition would be 8.3 ϫ 10 Ϫ5 , or ϳ1 error per 12,000 incorpo- /100 M dNTP CMF Ϫ Bkg value (0.014). The 0.014 value was divided by the CMF Ϫ Bkg value for each condition to determine relative fidelity. Higher numbers indicate greater fidelity. e Values were calculated using a chi-square analysis after performing the background correction by subtracting (0.0017 ϫ total colonies) from the white and faint blue colonies for each condition. All values were scored against that for the 6 mM Mg 2ϩ /100 M dNTP condition.
FIG 2 DNA sequence analysis from the PCR-based lacZ␣ complementation fidelity assay. The 115-base region analyzed for mutations is shown (see Fig. 1 ). The coding strand for lacZ␣ is shown in the 5=-3= direction (bottom strand in Fig. 1C) . Numbering is as shown in Fig. 1C . Deletions are shown as regular triangles, insertions are shown as downward triangles with the inserted base shown adjacent to the downward triangle, unless it was same as the base in a nucleotide run, and base substitutions are shown directly above or below the sequence. Substitutions shown correspond to the recovered sequence for the coding strand; however, these mutations could have occurred during synthesis of the noncoding strand as well (i.e., a C-to-A change shown here could have resulted from a C-to-A change during synthesis of the coding strand or a G-to-T change during synthesis of the noncoding strand) (see Fig. 1 Ϫ5 , or ϳ1 error per 77,000 incorporations. This number suggests a fidelity for RT in vitro that is similar to replication in cells (30) (31) (32) (33) . Note that the stated proportions of indels versus substitutions underrepresents RT's propensity for making substitutions, as only about 1/3 (see above) of the possible substitutions are detectable. Also note that the calculations for error frequency would include error contributions from T3 RNA polymerase (see above), so the actual mutation frequency for HIV RT may be somewhat lower (see Discussion).
(Some mutations [4 under the 6 mM condition and 6 under the 0.25 mM condition] were recovered as part of compound mutations as indicated in Fig. 2 . For calculation purposes, these were counted as a single substitution if they were recovered with another substitution and were counted only in the indel category if they were recovered with a deletion or insertion. Using this approach, for calculation purposes with 6 It is also possible to estimate the mutation frequency using the plasmid-based assay results ( Table 2) . As no sequencing data were acquired, it is only possible to obtain a combined error rate for both substitutions and indels. These calculations yield mutation rates of 7.1 ϫ 10 Ϫ5 for 6 mM Mg 2ϩ /100 M dNTPs and 1.0 ϫ 10 Ϫ5 for 0.25 mM Mg 2ϩ /5 M dNTPs (see reference 39 for calculation details). These figures are in strong agreement with those calculated from the PCR-based assay.
Analysis of fidelity by steady-state kinetics also demonstrates higher fidelity with low Mg 2؉ . Kinetic assays have been used by many groups as a reliable way to estimate polymerase fidelity (reviewed in references 20, 51, and 52). A major strength of this approach is the ability to analyze individual types of misincorporations and also the extension of primers with mismatches at the 3= end. One drawback is that these assays are typically performed with just a small set of sequences, so the effect of sequence context on fidelity is limited (53) . In addition, high nonphysiological concentrations of some nucleotides are required to force measurable misincorporation or mismatch extension in the time scale of the assay. Therefore, the assays are nonphysiological with respect to dNTP concentrations; however, physiological levels of Mg 2ϩ can be evaluated. We performed both mismatched primer extension and running-start assays using the constructs shown in Fig. 3 , which we have used previously in fidelity assays (41) . The running-start assays test RT's ability to misincorporate at a template C or G residue (depending on construct) after a "running-start" on a run of T's immediately downstream of the primer 3= terminus. Assays whose results are shown in Table 3 evaluated these reactions at different concentrations of free Mg 2ϩ . Since large amounts of nucleotides are often added to these types of reactions to force misincorporation, concentrations of total Mg 2ϩ were altered as described in Materials and Methods to obtain the desired free Mg 2ϩ concentration. Misincorporation ratios and relative fidelity (compared to the 6 mM free Mg 2ϩ condition, which showed the lowest fidelity) were determined by comparing the rate of misincorporation of an A nucleotide to the rate of adding the correct G nucleotide opposite a C in the template. Experiments were analyzed on denaturing PAGE gels (Fig. 4A) . Similar to what was observed in the lacZ␣ complementation assays, fidelity increased modestly between 6 and 0.5 mM Mg 2ϩ , reaching almost 3-fold greater by 0.5 mM. Statistical analysis indicated that fidelity values for 2 and 1 mM Mg 2ϩ were not statistically different from that under the 6 mM Mg 2ϩ condition. A large increase, to ϳ7-foldgreater fidelity, was observed at 0.25 mM Mg 2ϩ . In a second running-start analysis, different mismatches opposite a C or G in the template strand were measured at 2 mM and 0.25 mM free Mg 2ϩ (Table 4) . A pronounced increase in fidelity was observed at the lower concentration for all mismatches, with the exception of G·A. Two mismatch types (C·T and C·C) showed a 2-fold increase in fidelity (note that "relative fidelity" in this table is relative to that in the 2 mM Mg 2ϩ reactions rather than 6 mM as in Table 3 ), while two others (C·A and G·T) showed ϳ6-fold-greater fidelity with lower Mg 2ϩ . In general, fidelity differences were greater for mismatches that tend to be easier for polymerases to make (e.g., C·A and G·T) and lesser for those that are more difficult to make (e.g., C·T, C·C, and G·A).
A second set of assays was used to examine the ability of RT to extend primers with mismatched 3= termini (Fig. 4B) . Table 5 shows results from extension reactions with a C·A mismatch at various Mg 2ϩ concentrations. The results were similar to the running-start results with the C·A misincorporation (Table 3) . Extension of the mismatch was more difficult as the concentration of Mg 2ϩ decreased, but there was not a significant difference in comparison to the 6 mM Mg 2ϩ result until the Mg 2ϩ was lowered to 0.5 mM (as indicated by P values).
Extension of several mismatch types was examined at 0.25 mM and 2 mM Mg 2ϩ . Once again, extension was more difficult with lower Mg 2ϩ concentrations, and the magnitude of the difference was dependent on the particular mismatch (Table  6 ). Small but insignificant differences were observed for G.·A and G·T, while C·C, C·T, and C·A mismatches showed more significant differences. In this regard, the mismatch extension assays differed from the misincorporation assays in that there FIG 3 Constructs used in mismatched primer extension and running-start misincorporation assays. The sequence of the DNA constructs used in each assay type is shown. The underlined nucleotides show the only differences between the two templates. Only one primer was used in the running-start assays, and it terminated at the 3= C nucleotide before the dashes. The four dashes indicate the 4 A nucleotides that must be incorporated before RT incorporates the target nucleotide (denoted by X or Y).
was not a clear trend for Mg 2ϩ showing a greater effect with mismatches that are easier to make.
Overall, results from running-start and mismatch extension assays are in strong agreement with the lacZ␣ complementation assays in showing that fidelity improves at lower Mg 2ϩ concentrations and is much higher at the proposed physiological levels in lymphocytes (13, 16) . Both misincorporation (as determined by running-start assays) and mismatch extension (as determined with mismatched primer-templates) are influenced, suggesting that both steps involved in fidelity are affected by Mg 2ϩ concentrations.
DISCUSSION
The results demonstrate that the fidelity of HIV RT can be dramatically changed over just a small range of Mg 2ϩ concentrations. Using concentrations optimized for RT catalysis (2 to 6 mM) resulted in about a 5-to 7-fold-lower fidelity than with concentrations closely mimicking free Mg 2ϩ in lymphocytes (ϳ0.25 mM) a Refer to the running-start constructs in Fig. 3 . In this assay, incorporation of a correct G residue at a template C was compared to incorporation of an incorrect A residue at this same position. All assay included saturating concentrations of dATP to produce a "running-start" over the 4 template T nucleotides that preceded the C. Table 4 , the target nucleotide was changed according to the desired misinsertion. ϪE, no enzyme was added. (B) Extension of a mismatched primer-template with a C·A 3= terminus, using 0.25 and 2 mM Mg 2ϩ . Reactions were performed on the primer-template shown in Fig. 3 ( Tables 1 and 2 ). Fidelity assays, including both steady-state and lacZ␣ complementation assays, showed only modestly lower fidelity at 6 mM versus 2 mM or even 0.5 mM (in steady-state assays) Mg 2ϩ (Tables 1, 2 tions have also been demonstrated for Taq polymerase (54) . Results showed that fidelity was highest when the concentrations of total dNTPs and Mg 2ϩ were equal. When Mg 2ϩ was present in excess, fidelity decreased by an order of magnitude or more for some mutation types. Like for HIV RT (Tables 3 to 6 ), the enhanced fidelity with Taq resulted from both a lowered misincorporation rate and a lowered ability to extend mismatched primertemplates. Importantly, the higher fidelity for Taq observed under these conditions also resulted in a reduced rate of synthesis (54) . This is why PCRs are typically performed with Mg 2ϩ in excess over dNTPs. Interestingly, both Vent and Pfu, thermostable polymerases with proofreading activity, showed reduced fidelity with low Mg 2ϩ concentrations (47) . Therefore, higher fidelity with lower Mg 2ϩ does not appear to be a general property of all polymerases. This was also the case with MuLV RT, for which fidelity was unaffected at high versus low Mg 2ϩ (Table 1 ). In addition to Mg 2ϩ , other experiments have shown that nonphysiological acidic pHs (ϳ5 to 6.5) can improve the fidelity for several polymerases, including HIV RT (55, 56) . For HIV RT, enhanced fidelity at a lower pH seemed to result mostly from an inability to extend mismatched primer-templates rather than a lower rate of misincorporation. Our experiments were conducted at pH 7.7, which is slightly higher than normal physiological cytosolic pH (ϳ7.2). However, we also tested the 2 mM Mg 2ϩ /100 M dNTP and 0.25 mM Mg 2ϩ /5 M dNTP conditions at pH 7.1 and found that the pH did not significantly alter fidelity (data not shown).
These experiments suggest that RT fidelity is not particularly sensitive to pH within this limited near-physiological range.
The reason why lower Mg 2ϩ concentrations increase HIV RT (or Taq) fidelity remains to be determined. Reverse transcriptase has at least 3 or 4 binding sites for divalent cations, 2 in the polymerase active site and 1 or 2 in the RNase H active site (see the introduction). It is possible that more sites exist. For example, E. coli polymerase I may have as many as 21 divalent cation binding sites, and the roles, if any, for those sites not involved in catalysis are unknown (57) . Analysis of retrotransposon RTs suggests that the two binding sites in the polymerase active-site domain have vastly different affinities for Mn 2ϩ and Mg 2ϩ , and occupation of one versus two sites and interactions between the sites can significantly alter RT enzymatic properties (58, 59) . Nucleic acid binding titrations of HIV RT also suggest two or more binding states that are dependent on the concentration of Mg 2ϩ (60) . The results presented here are, at least in principle, consistent with RT binding sites that have broadly different affinities for Mg 2ϩ controlling fidelity. All the assays (Tables 1 to 6 ) showed a modest effect on fidelity between ϳ1 and 6 mM Mg 2ϩ and a much more significant change at low Mg 2ϩ concentrations. This suggests that a highaffinity binding site which is fully occupied at the lower Mg 2ϩ levels may enhance fidelity upon titration. Interplay between this site and a lower-affinity site(s) may also affect fidelity, as was proposed for altering other properties for retrotransposon RTs (58, 59) . It is also conceivable that divalent cation binding in the RNase Table 3 ) as the Mg 2ϩ concentration is gradually reduced suggests that the increased fidelity may be a function of the lower velocity of the reaction, which increases the residence time on each template base and therefore affords better discrimination. We are pursuing further experiments with the hope of uncovering further mechanistic details for these observations.
Sequencing results indicated that the proportion of indels versus substitutions increased under the 0.25 mM versus 6 mM Mg 2ϩ conditions ( Fig. 2 and Results) . A significant decrease in substitutions would be predicted based on the running-start assay results (Tables 3 and 4) , so it is possible that low Mg 2ϩ concentrations increase fidelity mainly by lowering substitutions rather than altering indel rates. The spectrum of mutations obtained at low Mg 2ϩ concentrations showed both differences and similarities from what has been observed in cells over a similar region of the lacZ␣ gene. In the cellular experiments, the ratio of substitutions to indels was skewed toward the former, with a high proportion of G-to-A mutations (30) (31) (32) . This mutation type and changes of T to A were the most common substitutions observed in the current work, with each comprising 9 of 43 total substitutions. However, the frequency of G-to-A mutations is still significantly greater in the cellular assays than in our assays (see below). The two main hot spots for indels in our assays with low Mg 2ϩ (Fig. 2 ) also matched indel hot spots observed in cellular assays from other groups (31, 32, 62) . There are also differences even between cellular experiments, with one group calculating a much lower rate for the proportion of frameshifts to total recovered mutations than was determined by others (ϳ5% versus Ͼ25%) (30, 31) . A recent study found that although the HIV mutation rates for different cell types were near constant, the spectra of mutations observed were significantly different (63) . This suggests that there may be several factors determining the reverse transcription mutation spectrum, including cell type, RT subtype, and the particular assay system used to score mutations. A future goal is to obtain a much larger mutational spectrum data set in vitro that will allow a more comprehensive comparison between mutations made by RT in vitro and those made during reverse transcription and replication in cells.
Comparing cellular and in vitro mutation spectra is complicated by several factors. In the in vitro assays performed in this study or in other studies using an RNA template, T3 or a comparable RNA polymerase is used to make the RNA template. Like for the RNA polymerase II enzyme in cells that synthesizes the HIV genome, the error spectrum of T3 and other phage polymerase is unknown. Contributions to the sequence profile from this enzyme are likely small under the 6 mM Mg 2ϩ condition, for which the CMFs were far above the assay background (Table 1) , but more significant with 0.25 mM Mg 2ϩ . Pfu polymerase, used in the PCR step, has very high fidelity (mutation rate of ϳ1 ϫ 10 Ϫ6 to 2 ϫ 10 Ϫ6 [47] ), so its contribution under both Mg 2ϩ conditions would be small, as was demonstrated (see Results). Although the mutation frequency of T3 and other RNA polymerases is not known, limited results suggest that it is unlikely to be higher than that of RT (25, 28) . This, and the fact that two rounds of RT synthesis were performed in the PCR-based assay, suggests that most errors in our assays would have resulted from RT synthesis. Cellular profiles also include mutations resulting from cellular sources, most notably APOBEC3G and dUTP incorporation into DNA (64) (65) (66) (67) . These cellular processes would tend to increase substitutions (particularly G to A) during reverse transcription. Though they are countered by the viral Vif protein in the case of APOBEC3G, and Vpr protein in the case of dUTP incorporation, some read-through may occur, leading to an increase in cellular mutations (67) . Recent reports also suggest that double-stranded RNA deaminase (ADAR1 and ADAR2) may influence cell-derived viral mutations (68) (69) (70) (71) . In addition to these promutagenic mechanisms, mistakes made during second-strand synthesis could be subjected to the cellular proofreading machinery (33) . This would be expected to result in up to a 50% reduction in errors on this strand, and if the mutation rate during the synthesis of both strands is assumed to be nearly equal, a 25% reduction in the overall mutation rate of reverse transcription. Beyond Mg 2ϩ , it is also possible that other small cellular components influence RT. For example, polyamines, which are present at near millimolar levels in cells, have been reported to increase HIV RT fidelity (72) . Finally, there is evidence that HIV NC can affect fidelity by promoting extension and correction of mismatches (73, 74) . However, studies in our laboratory using an ␣ complementation assay showed no difference in fidelity in the presence and absence of NC (38) .
Interestingly, results suggest that suboptimal Mg 2ϩ concentrations, though modestly decreasing RT's catalytic activity, actually improve DNA synthesis efficiency. Using an in vitro system with a DNA primer and RNA template to mimic the synthesis of strongstop minus-strand DNA (ϪssDNA), lower Mg 2ϩ levels (ϳ0.1 mM) yielded significantly higher quantities of ϪssDNA than reactions performed at higher concentrations (2 to 6 mM) (75) . The authors suggest that stabilization of some template secondary structures by higher Mg 2ϩ leads to more RT pausing. The paused complexes are susceptible to more extensive RNase H cleavage that can destabilize the nascent DNA-RNA template interaction, leading to dissociated "dead-end" DNA synthesis products and "stalled" RT complexes. We conducted similar experiments on the RNA template used for the PCR-based fidelity assay. At physiological dNTP concentrations (5 M), reactions were modestly more efficient at lower Mg 2ϩ concentrations, showing a decrease in some pause sites and an increase in fully extended products (Fig. 5) .
Results presented here indicate that the low free Mg 2ϩ levels in lymphocytes lead to an increase in HIV RT fidelity, perhaps severalfold. This brings the fidelity determined in vitro in line with that observed in cell culture, both having mutation rates in the ϳ1 ϫ 10 Ϫ5 to 3 ϫ 10 Ϫ5 range (30) (31) (32) . It also brings HIV RT fidelity in vitro in the range of the in vitro fidelity of other RTs (20) . Interestingly, although the fidelity of several RTs (e.g., AMV and MuLV RTs) is reported to be greater than that of HIV RT in vitro, cell culture analysis suggests similar fidelities for the viruses (33) . The cellular results are much more consistent with the findings in this study that show MuLV and HIV RTs have similar fidelities under more physiological conditions (Table 1) . Although it is not clear why HIV RT fidelity is sensitive to Mg 2ϩ levels while MuLV RT is not, HIV RT has a much lower K m for dNTPs than MuLV RT, a property that allows HIV to replicate in macrophages, in which the concentration of dNTPs is extremely low (17) . As dNTPs bind in conjunction with Mg 2ϩ , this suggests that one or more of the cation binding sites on these enzymes have significantly different properties.
Finally, it could be argued that the concentration of free Mg 2ϩ in lymphocytes may fluctuate (e.g., during the cell cycle as nucleotide pools change), and the 0.25 mM level quoted here is based on limited data. Therefore, the level could be higher or even lower, and more work would be required to unequivocally determine the free Mg 2ϩ concentration in lymphocytes under different conditions. Although this is true, results presented here for fidelity, and from others for RNA-directed DNA synthesis (75) , show that in vitro conditions using low Mg 2ϩ concentrations yield results that are more consistent with those determined or predicted in cells. This consistency represents a strong argument for those conditions more closely matching cellular conditions, at least for replication in rapidly dividing culture cells. All calculations of free Mg 2ϩ in the original article were made correctly using the K D value of 89.1 ϫ 10 Ϫ6 M, but the value was incorrectly stated in the original article as 8.9 ϫ 10 Ϫ6 M due to a typographical error. Because the correct value was used in calculation, this did not affect the original data, data interpretation, and conclusions of this study.
